BACKGROUND: Sonic hedgehog (SHH) pathway activation has been identified as a key factor in the development of many types of tumors, including odontogenic tumors. Our study examined the expression of genes in the SHH pathway to characterize their roles in the pathogenesis of keratocystic odontogenic tumors (KOT) and ameloblastomas (AB). METHODS: We quantified the expression of SHH, SMO, PTCH1, SUFU, GLI1, CCND1, and BCL2 genes by qPCR in a total of 23 KOT, 11 AB, and three non-neoplastic oral mucosa (NNM). We also measured the expression of proteins related to this pathway (CCND1 and BCL2) by immunohistochemistry. RESULTS: We observed overexpression of SMO, PTCH1, GLI1, and CCND1 genes in both KOT (23/23) and AB (11/ 11). However, we did not detect expression of the SHH gene in 21/23 KOT and 10/11 AB tumors. Low levels of the SUFU gene were expressed in KOT (P = 0.0199) and AB (P = 0.0127) relative to the NNM. Recurrent KOT exhibited high levels of SMO (P = 0.035), PTCH1 (P = 0.048), CCND1 (P = 0.048), and BCL2 (P = 0.045) transcripts. Using immunolabeling of CCND1, we observed no statistical difference between primary and recurrent KOT (P = 0.8815), sporadic and NBCCS-KOT (P = 0.7688), and unicystic and solid AB (P = 0.7521). CONCLUSIONS: Overexpression of upstream (PTCH1 and SMO) and downstream (GLI1, CCND1 and BCL2) genes in the SHH pathway leads to the constitutive activation of this pathway in KOT and AB and may suggest a mechanism for the development of these types of tumors. 
Introduction
Keratocystic odontogenic tumors (KOT) and ameloblastomas (AB) are a heterogeneous group of tumors that affect jawbones, mainly causing the proliferation of remnants of the dental lamina (1, 2) . They show an infiltrative growth, promote local bone destruction, and have high recurrence rates (2) . Keratocystic odontogenic tumors is one of the most significant clinical findings in nevoid basal cell carcinoma syndrome (NBCCS) (3, 4) , and AB can also represent a clinical finding of this syndrome (5, 6) .
Aberrant activation of the SHH signaling pathway during adult life is related to tumor formation (7) (8) (9) , and disturbances in this pathway have been described as potential factors involved in the pathogenesis of odontogenic tumors (10) . The SHH pathway is important for normal development of human tissues (8, 10) , such as nerves, the gastrointestinal system, the lungs, and teeth (10) . Its primary function is to coordinate the growth of embryonic tissues with that of the mesenchyme (8) (9) (10) , by the transcriptional activation of genes involved in proliferation (9, 11, 12) , apoptosis (12) (13) (14) , and self-renewal (8) (9) (10) (11) 15) . Not surprisingly, mutations causing constitutive activation in the SHH pathway are associated with the development of tumor cells in many human malignancies (11, 16) . In tissue homeostasis, the PTCH1 protein is an inhibitor of SHH pathway; it represses SMO receptor signaling (7, 17, 18) . However, in the presence of SHH ligand, the SHH-PTCH1 complex is internalized, the repression of PTCH1 and SMO is suppressed (8, 10, 17) , and molecular signals are transduced to the nucleus by Gli 1, 2, and 3 (7, 17) .
Characterizing the transcriptional profiles of genes in the SHH pathway in KOT and AB remains an important knowledge gap in our understanding of the pathogenesis of odontogenic tumors. Our study aimed to characterize the potential role of the genes involved in the SHH pathway, in attempt to contribute to the knowledge of biologic profile of KOT and AB. Gene expression studies provide important contributions of specific genes involved in the pathogenesis and biologic behavior of KOT and AB. In KOT and AB, several studies have been performed to evaluate loss of heterozygosity, mutations, and polymorphisms of SHH genes, especially PTCH1 (19) (20) (21) (22) (23) (24) , and examine the expression of proteins involved in this pathway to identify possible mechanisms for the development of these tumor types (25, 26) . However, a close examination of the expression profile of SHH genes by a sensitive method such as qPCR has never been evaluated in KOT and AB. As SHH pathways genes represent druggable targets (27) , it is important to identify molecules in this signaling cascade that provide an opportunity for pharmacological intervention prior to surgery.
Materials and methods

Sample collection
This study was approved by the Ethics Committee of the Gonc ßalo Moniz Research Center, Oswaldo Cruz Foundation. A total of 23 KOT and 11 AB were collected between 2007 and 2010 along with relevant clinical data. The KOT were classified as sporadic (n = 18) or NBCCS-KOT (n = 5) using previously described criteria for this syndrome (28) . In the sporadic group, KOT were classified as primary (n = 10), if they had not received treatment previously or, recurrent (n = 8), if patients had received prior treatment. KOT recurrences occurred at 24 month on average following the initial treatment. All AB were primary and classified by an experienced pathologist as solid type (n = 6) or unicystic (n = 5). KOT and unicystic AB were previously treated by enucleation, and solid AB were removed by surgical resection with a safety margin of at least 1 cm. Main Clinical data are summarized in Table 1 . Three NNM oral mucosa were donated by healthy individuals undergoing extraction of third molars for orthodontic reasons. All samples were previously diagnosed as KOT or AB by incisional biopsy and were immediately snap-frozen in liquid nitrogen following surgery and stored at À80°C until RNA could be extracted.
RNA extraction and reverse transcription
Total RNA was extracted from 25 to 30 mg of frozen KOT and AB according to the manufacturer's specifications (RNeasy Mini Kit, Qiagen, Hilden, DE). The samples were first pulverized with mortar and pestle that had been treated with 0.1% DEPC prior to sample processing. Genomic DNA was eliminated by the enzyme DNase I (1 lg: 1 lL proportion of the template and enzyme) (DNase I Amplification Grade kit, Invitrogen, Carlsbad, CA). The amount and purity of the RNA was assessed using spectrophotometry (NanoDrop, Thermo Scientific, Wilmington, DE, USA), and purity was considered satisfactory when the A260/A280 ratio = 1.9-2.05. Integrity of total RNA was confirmed on an agarose gel (containing 1% formaldehyde). Total RNA was stored in 30 ll of RNase-free water (RNeasy Mini Kit, Qiagen, Hilden, DE) at À80°C. Firststrand cDNA was synthesized from 2 lg of total RNA using oligo (dT) primers and the Superscript II Reverse Transcriptase Kit (Invitrogen) in a reaction volume of 20 ll according to the protocol provided by the manufacturer. Reaction mixtures were incubated at 42°C for 2 min, followed by 65°C for 50 min, 42°C for 55 min, 70°C for 15 min, 37°C for 20 min, and 4°C for 5 min. The cDNA was stored at À20°C. Reverse transcriptase efficiency was assessed by the amplification of the GAPDH and ACTB reference genes.
Quantitative real-time polymerase chain reaction (qPCR) Primers for SHH, SMO, SUFU, PTCH1, GLI1, CCND1, BCL2 and the GAPDH, ACTB, and HPRT1 controls were designed using the Primer Express software 3.0 (Applied Biosystems, Foster City, CA, USA) based on sequences in GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and validated in silico using BLAT (http://genome.ucsc.edu/cgibin/ hgBlat?command=start). All qPCR primers were synthesized at Integrated DNA Technologies (IDT, San Diego, CA, USA) and are listed in Table 2 .
Three endogenous genes (ACTB, GAPDH, and HPRT1) were tested as normalizers in all samples. The amplification curves were analyzed using GeNorm TM software (29) , and the GAPDH gene yielded the most reproducible results. A relative standard curve was constructed for testing the efficiency of all primers, using a serial dilution of a small cell lung cancer line (H146) (100, 50, 25, 12.5, and 6.25 ng/ ll). The standard curves of the targets and references genes yielded similar efficiencies (À3.6 ≥ slope ≥ À3.3).
Quantitative PCR assays were conducted in duplicate in an ABI Prism 7900 Sequence Detection System (Applied Biosystems). PCRs were performed in a total volume of 20 ll, containing 10 ng of cDNA sample (total RNA equivalents), 0.2 lM of each of the primers, and 1X of the SYBR-Green PCR Master Mix Kit (Applied Biosystems). The amplification program consisted of one cycle of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. To verify the amplification specificity, we performed melting curve analyses using initial denaturation at 95°C for 15 s followed by 15 s at 60°C and then heated the samples at 95°C at a slow rate of 0.1°C/s with continuous fluorescence detection.
The positive control consisted of a pool of two KOT and one AB that were positive for all mRNA targets. Relative quantification was given by the ratio between the mean value of the target gene and the value of the reference gene (GAPDH) in each sample. All reactions were baseline corrected, and the identical threshold was set manually for each gene in all samples. The relative gene expression was also normalized on the basis of the expression of a reference sample/calibrator (pool of NNM). The relative amount of PCR product generated from each primer set was determined on the basis of the Cq values, and relative quantification was calculated by a mathematical model, previously described by Pfaffl (30) .
Immunohistochemistry
Immunostaining was performed for CCND1 and BCL2 using the streptavidin-biotin complex (LSAB, DakoCytomation, Glostrup, DK). Sections were treated to remove paraffin, rehydrated, and washed in distilled water. Antigen retrieval was performed with a sodium citrate solution (pH 6.0) heated to 96°C for 30 min. Slides were then incubated with primary antibodies (Table 3) for 60 min in a humid chamber, at room temperature (RT). Then, the slides were washed with 1% PBS/BSA and incubated with a pool of biotinylated secondary antibodies (Link reagent, DakoCytomation, Glostrup, Denmark) for 60 min, at RT, followed by washing and incubation with the streptavidin-biotinperoxidase complex. Staining was revealed by incubating the slides in 3, 3 0 diaminobenzidine solution (Dako, Carpinteria, CA, USA). The slides were counterstained with hematoxylin, dehydrated in absolute ethanol and xylene, mounted with cover slips using a permanent mounting medium, and observed using an optical light microscope. As positive control, a fragment squamous cell carcinoma was used for both CCND1 and BCL2. The negative control consisted of replacement of the primary antibody with an isotype-matched control antibody.
Using the capture system Axio-Zeiss 4.04 (ZEISS, Jena, Germany, 2004), immunostaining analysis was performed by one observer in 10 microscopic fields at a final magnification of 4009. A minimum of 500 epithelial nuclei from KOT and AB were analyzed in representative areas of tumors by the software Image Tool 2.0 (UTHSCSA, Texas University, TX, USA, 1996). Positive cells located on basal and suprabasal layers were counted for KOT cases, and those located on stellate reticulum and more peripheral layers were scored for AB cases. Semiquantification was obtained by attributing four scores: (À) no expression; +1, <20% positive cells; +2, 21-50% positive cells, and +3, >50% positive cells (31) .
Statistical analysis
As the mRNA and protein expression was not normally distributed (Kolmogorov-Smirnov test, P < 0.001), the association between genes expression and clinical pathological parameters was assessed using the Mann-Whitney and Kruskal-Wallis test. The correlation between expression of different genes was determined using the Spearman test. All P values were based on two-tailed statistical analyses, and P < 0.05 was considered to be statistically significant. The statistical calculation was performed using the GraphPad Prism 5.01 (San Diego, CA, USA).
Result
SHH pathway gene expression profiles indicate activation of this pathway in KOT and AB To characterize the expression profiles of genes in the SHH pathway in two tumor types, we performed qPCR on total RNA isolated from 23 KOT and 11 AB. As shown in Fig. 1 , we observed overexpression of SMO, PTCH1, GLI1, and CCND1 genes in all KOT (n = 23) and AB (n = 11). We detected low levels of SUFU mRNA in all KOT and AB when we compared expression in tumors to non-neoplastic tissue (P = 0.019 and P = 0.012, respectively). We also found that the BCL2 gene was highly expressed in KOT (n = 23) and AB (n = 11), but there was no statistical difference between tumors and NNM. Despite our observation that multiple genes in the SHH pathway are activated in tumors, we detected no SHH gene expression (high Cq values; qPCR cycle >32) in 21 (91.3%) KOT and 10 (90.9%) AB, and only low expression of the SHH gene in two NBCCS-KOT and one AB. Median relative expression level of all studied genes was similar for solid and unicystic AB as well as KOT and AB. We did not observe expression of the SHH, SMO, PTCH1, or GLI1 genes in NNM (qPCR cycle >32 for all these transcripts) (Fig. 1) .
Recurrent KOT exhibited high levels of SMO, PTCH1, CCND1, and BCL2 genes Recurrent KOT (n = 8) exhibited high levels of SMO (P = 0.035), PTCH1 (P = 0.048), CCND1 (P = 0.048), and BCL2 (P = 0.045) transcripts (Fig. 2) . We found no statistical differences in the expression of GLI1 and SUFU genes between recurrent and primary KOT nor did we find any differences in mRNA expression for any of the aforementioned genes in NBCCS-KOT and sporadic KOT (Fig. 2) . We observed a positive correlation between the expression of SMO and GLI1 genes (rs = 0.687, P = 0.00) in KOT. We found no correlation in gene expression in the AB group or other genes in KOT.
Suprabasal cells and cells similar to pre-ameloblasts represent the proliferative components in KOT and AB In KOT, we determined that the CCND1 protein was localized in the nucleus and cytoplasm, especially in suprabasal layers (Fig. 3) . A majority of the labeled protein (score +3) localized to the nucleus (83%; n = 19) in all NBCCS-KOT. We also measured CCND1 in the cytoplasm (score +2) in over half of the KOT (65%; n = 15). We found no statistical difference in the immunostaining of CCND1 between primary and recurrent KOT (MannWhitney test, P = 0.88), or between sporadic and NBCCS-KOT (Mann-Whitney test, P = 0.7688). In AB, we observed nuclear (score +2) and cytoplasmic localization (score +3) of CCND1 in nearly half of the cells which shared similar characteristics to pre-ameloblasts (45%, n = 5) (Fig. 3) . No statistical difference between unicystic and solid AB subtypes was found (Mann-Whitney test, P = 0.75). The BCL2 protein was localized exclusively in the basal layer on cystic epithelial lining of 52.17% (n = 12) KOT and assigned a score +1. We observed cytoplasmic and nuclear immunostaining for BCL2 (score +3 and +2, respectively) in 90.9% (n = 10) of AB cases, especially in cells similar to pre-ameloblasts (n = 8; 72.72%) (Fig. 3) .
Discussion
Many signaling pathways that participate actively in the formation of human embryonic tissues are kept 'off' in adult cells as aberrant activation of these pathways can result in tumor development (8) (9) (10) and maintenance of a tumor cell phenotype (7, 8, 15) . In AB (32) and KOT, mutations in PTCH1 gene have been reported, especially in patients with NBCCS (19, 20, 22, 23, 33) . These data prompted our investigation of the role of the SHH pathway in tumors associated with this syndrome, such as AB (5, 6) . In this study, we showed that several of the genes involved in the SHH pathway are differentially expressed in KOT and AB. We demonstrated overexpression of SMO, PTCH1, GLI1, CCND1 genes and a loss of expression of SUFU gene in KOT and AB indicating that these SHH pathway genes contribute to the development and biologic behavior of these tumors. Our results provide important insights into the role of these genes in tumorigenesis of odontogenic tumors. Up-regulation of the SMO gene is one mechanism for altering SHH pathway activity (34, 35) . In basal cell carcinoma (34) and pancreatic cancer (36) , tumor pathogenesis and proliferation occurs as a result of gain of function mutations that result in up-regulation of the SMO gene, but the role of this gene in KOT and AB is not well characterized (23) . Meanwhile, overexpression of PTCH1 gene in KOT and AB should be better investigated to evaluate if mutation in other genes involved in SHH pathway could induce PTCH1 up-regulation. Our results also confirm previous findings that PTCH1 (10, 37) , CCND1 (9, 11) , and BCL2 (9, 12) genes are also target genes in the SHH signaling cascade (11, 34, 37, 38) and suggest a possible role of this cascade in proliferation and cell survival in KOT and AB. Additionally, the contribution of SUFU gene to KOT and AB pathogenesis remains unclear (39) . Loss of SUFU expression has been reported in other tumor types (39, 40) and the phenotype of these tumors is similar to those resulting from decreased PTCH1 expression in humans and NBCCS in rodents (41) . Thus, this gene requires further investigation in these tumors to define its role in tumorigenesis.
GLI1 transcription factor activity mediates pathological responses to deregulate SHH signaling in humans, and this molecule therefore represents a putative therapeutic target for odontogenic tumors. The expression of GLI1 molecule serves as a marker for the activity of the SHH pathway and is correlated with activation of genes involved in cell proliferation and survival (11, 12) . CCND1 and BCL2 are target genes of GLI1 transcription factor (9, 11, 12) , and one consequence of deregulated SHH pathway is the up-regulation of genes in this pathway as we showed in these studies. Up-regulation of the CCND1 gene reduces the dependence of mitogens for signaling pathway activation and is the key player in cell cycle progression to S phase (42) . The BCL2 protein is related with cell survival and cell differentiation and expression of the BCL2 gene might be regulated by transcriptional activation of GLI1 (43) . However, the expression of the CCND1 and BCL2 target genes may be controlled by more one transcription factor such as NK-kB and STAT3 (44, 45) .
We showed a higher expression of CCND1 protein in cells similar to pre-ameloblasts indicating that these cells are primarily responsible for tumor growth in AB. Suprabasal cells seem to play this role in KOT as demonstrated in other studies involving cell proliferation markers (2, 31, 42, 46) . In KOT, there was no statistical difference when the primary and recurrent groups, sporadic and syndromic KOT were compared. This is different to results from Kimi et al. (42) that showed increased CCND1 protein expression in NBCCS-KOT.
We also observed positive CCND1 protein in the cytoplasm of KOT and AB cells. To date, evidence suggests that nuclear retention is critical for oncogenic function by CCND1 (42, 47) . For example, when a mutant CCND1 protein, resistant to proteolytic degradation, was expressed, the localization of the protein was altered from nuclear to nuclear and cytoplasmic (47) Therefore, our observation that there is overexpression of CCND1 protein suggests that the progression of neoplastic cells, in KOT and AB, starts at a step preceding the checkpoint coordinated by p53 protein.
In KOT, BCL2 immunostaining was only observed in basal cells corroborating with others studies (42, 48, 49) and indicating that the cell differentiation mechanisms may be present in progenitor cells. Similar to Luo et al. (50) , predominance of BCL2 in pre-ameloblasts-like cells in our AB samples indicates that cell survival is also prevalent in this cell type, regardless either unicystic or solid ameloblastoma. The nuclear localization observed may be related to the function of BCL2 in the DNA protection when under the action of endonucleases and is more common in malignant processes (51) and need to be better evaluated in AB.
Our results showed an overexpression of SMO, PTCH1, CCND1, and BCL2 genes in recurrent KOT. Recurrence is a well-described event in KOT and related with surgery type (52) (53) (54) (55) (56) as well as biologic profile of tumor (57) (58) (59) (60) . Previously, SMO protein localization studies showed that recurrence of KOT is associated with strong SMO detection and higher Ki-67 labeling (26) . Aggressive behavior and high recurrence rates of this tumor are thought to be due to marked proliferative activity of tumor cells (25, 58) . Although previous studies are unable to find a difference in Ki-67 and p53 in primary and recurrent KOT (31), others have concluded that higher SMO expression could be a possible factor associated with frequent recurrence of KOT (23) . Thus, neoplastic cells with aberrant SHH pathway can proliferate quickly re-establishing the tumor in a short time.
The high Cq values observed for the SHH gene in KOT and AB indicate a very small amount of SHH mRNA in both tumors. As the reference gene GAPDH was successful amplified in all samples, the amount of RNA did not appear to be a limiting factor. In embryonic tissues, SHH pathway can be activated by SHH ligand and the expression of this in mRNA level is not detected in normal adult tissues (7, 8, 10, 17) . However, previous studies in KOT and AB yielded conflicting results. According to Grachtchouk et al. (38) , SHH transcript was not detected in mouse KOT epithelium or surrounding stroma. Ohki et al. (21) and Kumamoto et al. (61) detected mRNA transcript of SHH in KOT and AB, respectively. Other studies demonstrated a very low expression of SHH gene in AB (62, 63) .
It is possible that different techniques used to investigate SHH gene expression could explain the differences in the reported results. The hypermethylation of the SHH gene (64) results in undetected expression of the SHH gene (65) and warrants further evaluation in KOT and AB. In addition, future studies might utilize digital PCR to better analyze levels of the SHH gene transcript in both tumors and also probe microRNA regulation.
Finally, our results suggest the potential role of overexpression of upstream (PTCH1 and SMO) and downstream (GLI1, CCND1, and BCL2) genes in KOT and AB, leading to the constitutive activation of SHH pathway and contributing to cells proliferation and survival. The research for molecular markers has important clinical implications in the management of KOT and AB. Medicines for blocking this pathway in KOT and AB is a point of interest for an alternative treatment prior to surgery, and SHH genes offer a great opportunity for these tests.
